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Abstract 
The deactivation rate of 15%Co-6%K/Al2O3 Fischer–Tropsch catalyst during hydrogenation of CO2 
to longer-chained hydrocarbons was investigated. The catalysts used were synthesized by incipient 
wetness impregnation of gamma alumina- support and characterized by TPR, BET, XPS, and XRD. 
The presence of CO2 in the feed displayed a negative impact on the catalyst stability and in the 
production of longer-chain hydrocarbons. The main product generated was methane; this was due to 
the presence of the cobalt carbide which led to decreased C5+ selectivity with a concomitant increase 
of CH4 formation. As the TOS was increasing, carbonaceous deposits formed on the catalyst. These 
deposits tend to lean towards methane formation, decrease CO2 conversion, and C5+ selectivity as 
observed in this study. Cobalt carbide formation in the spent catalyst in this study can account, at least 
in part, for the observed catalyst deactivation with time on stream. 
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1. Introduction  
The catalyst stability and activity are critical for hydrocarbon production during CO2 hydrogenation. 
Catalyst deactivation is a biggest challenge in the field of industrial catalytic processes. The duration 
of catalyst deactivation differs considerably; for example, for catalytic cracking, catalyst decay may 
occur within seconds, whereas in the synthesis of ammonia the iron catalyst might be active for 
several years [1]. However, it is unavoidable that catalyst decay will always occur. Although the 
deactivation of catalyst is anticipated for most processes, some of its direct, severe consequences 
could be evaded, suspended, or even overturned. Cobalt-based catalysts evaluated under typical FTS 
conditions show deactivation with time on stream (TOS) [2–3]. Deactivation mechanisms include 
sintering, cobalt reconstruction, poisoning, the cobalt-support compounds formation, and the 
formation of inert carbonaceous phases [4]. In addition, the deactivation reported for cobalt-based 
catalysts may be a product of the combination of the aforementioned mechanisms of catalyst 
deactivation [2]. It is known that water is the main product during Fischer-Tropsch synthesis (FTS). 
The decrease in the rate of reaction during FTS is commonly endorsed to the deactivation of the 
catalyst caused by oxidation of small Co particles by H2O [5]. Thermodynamic calculations have 
revealed that metallic cobalt particles smaller than 4-5 nm might be oxidized by H2O during the FTS 
reaction [6]. Several reports have shifted their attention to the effect of the catalyst support. Reuel and 
Bartholomew [7] studied the effect of support on the catalytic activity of cobalt-based 
Fischer-Tropsch catalysts and reported that it decreased in this sequence: Co/TiO2 > Co/Al2O3 > 
Co/SiO2 > 100% Co > Co/MgO. Several regeneration patents have reported that carbonaceous phases 
that form during the FT reaction will cause catalyst deactivation and should be eliminated [8–10]. 
Similarly, various studies have suggested the deactivation of the active Co phase caused by 
carbonaceous species during traditional FTS [11–13]. There are many ways through which carbon 
could interact with supported Co catalysts; which may negatively impact its activity. Carbon deposits 
are reported to block the catalyst pores, leading to dispersion limits, poison the surface of the metal by 
irreversibly binding, or even encapsulate metal particles [14]. Subsurface carbon could similarly 
cause electronic inhibition of activity [15]. Reports showed that carbon deposition can promote 
surface reconstruction, which limit the activity of the catalyst [16]. Carbon deposition can also lead to 
the bulk cobalt carbide formation [17]. Bulk cobalt carbide is inactive for Fischer-Tropsch and leads 
to both selectivity and activity loss, possibly via electronic inhibition that influences CO dissociation 
[18–19]. It has been revealed that bulk carbide can form during the FT reaction [20]. Compared to 
their counterparts low-cost Fe-based catalysts, Co-based catalysts generate less water via WGS 
reaction. Besides, it is believed that Co-based catalysts deactivate slower and yield a higher portion of 
 
saturated hydrocarbons compared to their counterparts, Fe-based catalysts. Equally, the main 
disadvantage of Co is that it is expensive, making catalyst substitution undesirable [21]. In our 
previous study [22], it was shown that the optimal potassium content was 6 wt.% at 300 °C and 5 bar. 
For that reason, this study focused on establishing the deactivation rates of 15%Co-6wt.%K/Al2O3 
catalyst under given reaction conditions.  
2. Experimental procedure 
2.1 . Catalyst synthesis and characterization 
The catalysts used were synthesized by the incipient wetness impregnation of Al2O3 support with 
cobalt nitrate aqueous solution and dried in air at 120 °C overnight. The dried sample was calcined in 
air at 500 °C for a period of 10 hours. Potassium was added on the catalyst by consecutive incipient 
wetness impregnation step using potassium nitrate solution and then dried in air at 120 °C overnight, 
followed by calcination in air at 500 °C for a period of 10 hours. X-ray diffraction (XRD) analysis 
was performed on the catalyst before and after the FT reaction to determine the existing cobalt phases 
following the technique outlined in the previous report [23]. Catalyst porosity was determined using 
Brunauer-Emmett-Teller (BET) analysis that was performed on a Micromeritics Tristar 3000 using 
N2. Temperature programmed reduction was performed on the apparatus constructed in our 
laboratory following the procedure described in the previous study [22]. X–ray photoelectron 
spectroscopy (XPS) measurements were conducted on a SPECS PHOIBOS 150 hemispherical 
analyzer to obtain information on the catalyst surface composition. XPS data were corrected by 
setting the oxidic O1 s binding energy to 531.5 eV [24]. 
 
2.2  Catalyst testing 
The catalyst stability during the hydrogenation of carbon dioxide was evaluated using a stainless-steel 
fixed-bed tubular reactor constructed at the university. 500 mg of the calcined catalyst sample was 
loaded in the reactor and the catalyst activity was evaluated at 5 bar, 300 °C, and 1.2 nl/gCat/h. 
Catalyst activation and CO2 hydrogenation reaction were performed following the procedure outlined 
in the previous report [22]. The distribution of hydrocarbon products was also calculated using the 
equations listed in the earlier study [22]. 
 
 
3. Results and Discussion  
3.1. Catalyst Characterization 
3.1.1. Temperature programmed reduction (TPR) analyses. 
Temperature programmed reduction analysis was performed on both unpromoted and K-promoted 
15%Co/Al2O3 catalyst samples to evaluate the catalyst reduction behavior under the continuous flow 
of 5%H2/Ar and the data is presented in Fig. 1. 
 
Fig. 1: TPR profile for 15%Co-6%K/Al2O3 catalyst. 
For the unpromoted catalyst, the first reduction peak was observed at ca. 278 °C. This peak was 
extended until it reaches maximum at 334 °C. At this point, the second peak started to develop and 
was extended until ca. 361.7 °C. This peak started to decrease until 401 °C when the third peak started 
to appear and was extended until ca. 452 °C. This peak started to decrease until the baseline was 
established at ca. 502 °C. The last peak started to develop at ca. 653 °C, and was extended until 
700 °C. For K-promoted catalyst, the first reduction peak was observed at ca. 472 °C and reached the 
maximum at 530 °C when the second peak started to develop. This peak was extended until it reached 
ca. 581 °C. This peak started to decrease until 623 °C when the last peak started to develop and was 
extended until reaching its maximum at 688 °C. 
The first two reduction peaks (three in the case of unpromoted catalyst) can be ascribed to the 
reduction of Co3O4 to CoO and the consecutive reduction of CoO to metallic Co
0. The third (fourth in 
the case of unpromoted catalyst) peak at higher temperatures can be linked to the existence of small 
 
cobalt particles which are well-dispersed and interact strongly with the support and are difficult to 
reduce. It is also worth noting that for the catalyst promoted with K, the first reduction peak was 
observed at higher temperature of 472 °C compared to the reduction temperature observed for 
unpromoted catalyst (278 °C). In addition, it was also observed that potassium addition shifted 
reduction towards higher temperature. 
3.1.2. X-ray photoelectron spectroscopy (XPS) analysis 
The Co 2P binding energies for fresh calcined and reduced 15%Co-6%K/Al2O3 catalyst are presented 
in Table 1. 
Table 1: Summary of XPS data for 15%Co-6%K/Al2O3. 
      
Catalyst 
Binding Energy [eV] 
Co 2P 3/2 Co 2P1/2 
15%Co-6%K/Al2O3 fresh 780.9 795.9 
15%Co-6%K/Al2O3 reduced 781.0 796.5 
      
The binding energy of Co 2P slightly increased when the catalyst was reduced with pure H2. The 
binding energy for the unreduced freshly calcined catalyst sample was observed to be 780.9 and 795.9 
eV for Co 2P3/2 and Co 2P1/2 respectively. When the catalyst was reduced with pure H2, these binding 
energies increased to 781.0 and 796.6 eV for Co 2P3/2 and Co 2P1/2 respectively. This data suggests an 
electronic modification of cobalt species when the catalyst was reduced with H2. 
3.1.2. Brunauer-Emmett and Teller (BET) analysis 
The BET surface area, pore size, and volume of the unpromoted and K-promoted Co/Al2O3 catalysts 
are reported in Table 2. The unpromoted catalyst was included to determine the effect of potassium on 
the catalyst porosity. 
Table 2: Summary of BET results. 
      
  15%Co/Al2O3 15%Co-6K/Al2O3 
BET Surface Area (m2/g) 124 56 
Total Pore Volume (m3/g) 0.193 0.101 
Average Pore Diameter (nm) 6.2 7.2 
 
The BET surface area, total pore volume, and the average pore size of 15%Co-6%K/Al2O3 catalyst 
were 56 m2/g, 0.101 m3/g, and 7.2 nm respectively. In order to gain more information about the 
catalyst porosity, these data were compared with 15%Co/Al2O3 catalyst which did not contain 
potassium in order to determine the effect of potassium on the catalyst porosity. The BET surface area, 
total pore volume, and the average pore size for potassium-free catalyst were 124 m2/g, 0.193 m3/g, 
and 6.2 nm respectively. These data showed that the BET surface area, total pore volume, and the 
average pore size of the catalyst decreased with potassium addition indicating that some pores 
collapsed during the extra calcination step used to decompose potassium nitrate added to the catalyst. 
3.2. Catalyst evaluation for stability during CO2 hydrogenation 
The stability of 15%Co-6%K/Al2O3 catalyst during CO2 hydrogenation was evaluated at 300 °C and 
5 bar. The results are presented in fig. 2, 3 and 4. 
 
Fig. 2: CO2 conversion and product selectivity as a function of TOS. 
The CO2 conversion showed a linear decline with TOS. The C5+ selectivity also followed a similar 
trend as it declined almost linearly and became insignificant beyond 800 hours on stream. Linear 
regression was applied to these data (fig. 3) and the ANOVA and regression statistics are summarized 
 
in Tables A1 and 2 in the Appendix. 
 
Fig. 3: Linear regression of CO2 conversion and C5+ selectivity as a function of TOS. 
At a 95% confidence level, the confidence interval for the slope associated to the change of the CO2 
conversion with time on stream is (-0.018, -0.015). Because the slope of the linear trendline (-0.017) 
is within this interval, a significant negative relationship between the CO2 conversion and time on 
stream exist. Similarly, the C5+ selectivity linearly decreases with an increasing TOS. 
The methane selectivity tends to increase with time ranging from 67.2% during the initial 47 h on 
stream and reached its highest of 85.7% after 888 h and was 77.9% after 1033 h on stream. The C2–C4 
selectivity was stable during the first 145 h on stream and slightly decreased with time reaching 
10.0% after 1033 h on stream. The CO selectivity decreased from 7.3% during the first 47 h on stream 
to 1.9% after 793 h on stream. Beyond 793 h on stream, the CO selectivity started to increase, 





Fig. 4: Product selectivity and yield as a function of TOS. 
The C2+ selectivity was stable during the initial 145 h on stream and slightly dropped to 22.4% after 
214 h on stream. This selectivity continued to decrease, reaching 10.2% after 1033 h on stream. The 
CH4 yield did not significantly change during the first 288 h on stream. However, the yield of CH4 
decreased to 19.8% after 1033 h on stream. The C2+ yield was stable during the initial 145 h on stream. 
However, beyond 145 h on stream, its yield started to decrease and reached 2.6% after 1033 h. 
A summary of catalytic performance data for potassium-promoted Co/Al2O3 catalyst is shown in 
Table 3. It can be seen that the rate of CO2 conversion did not change significantly during the initial 
167 h on stream as it fluctuated between 0.00214 and 0.00202 mol/gCat/h. Beyond 167 h, the rate of 
CO2 was observed to decrease, reaching 0.00129 mol/gCat/h after 1033 h. On the other hand, the rate 
of methane formation was observed to increase from 0.0187 mol/gCat/h during the first 47 h, 
reaching 0.0296 mol/gCat/h after 288 h. Beyond 288 h, the rate of methane formation decreased and 
reached 0.0256 mol/gCat/h after 1033 h. At the same time, the rate of CO formation was observed to 
decrease from 0.000156 mol/gCat/h during the initial 47 h on stream, reaching 0.000027 mol/gCat/h 
after 794 h.  Beyond 794 h, the rate of CO formation was found to increase, reaching 0.000154 
mol/gCat/h after 1033 h. The rate of C2+ product formation was found to increase and was 0.0122 
mol/gCat/h during the first 47 h and increased to 0.0370 mol/gCat/h after 1033 h on stream. The chain 
 
growth probability, α, was found to increase with TOS. The chain growth probability increased from 
0.404 to 0.621 when the TOS was increasing from 47 to 288 h. Beyond 288 h, the chain growth 
probability decreased with TOS and was 0.276 after 1033 h. This data shows that the increasing 
methane formation observed with increasing TOS could be due to combination of the increasing 
methane formation rate and the decreasing CO formation rate. It has since been indicated in the 
previous report [22] that hydrogenation of CO2 to hydrocarbons proceeds via the formation of CO as 
an intermediate product which subsequently gets hydrogenated into hydrocarbons. As the rate of CO 





Table 3: Summary of catalytic performance for CO2 hydrogenation as a function of TOS. 
            
TOS 
[h] 
Rate of CO2 consumption and Product 
formation [mol/gCat/h/] Alpha 
rCO2 rCH4  rCO rC2+ 
47 0.00214 0.0187 0.000156 0.0122 0.404 
122 0.00203 0.0244 0.000091 0.0224 0.405 
146 0.00202 0.0233 0.000096 0.0195 0.442 
167 0.00208 0.0249 0.000103 0.0176 0.462 
214 0.00190 0.0227 0.000104 0.0200 0.450 
288 0.00189 0.0296 0.000085 0.0247 0.621 
310 0.00182 0.0241 0.000108 0.0233 0.437 
456 0.00170 0.0281 0.000078 0.0273 0.431 
501 0.00170 0.0272 0.000085 0.0274 0.429 
623 0.00168 0.0273 0.000079 0.0308 0.435 
794 0.00141 0.0225 0.000027 0.0306 0.437 
889 0.00141 0.0274 0.000064 0.0336 0.310 
963 0.00137 0.0241 0.000101 0.0322 0.282 
1033 0.00129 0.0256 0.000154 0.0370 0.276 




More attention has shifted to focus on exploring the role of oxidation of metallic Co on the 
deactivation of the catalyst [25–30]. On the other hand, some reports on an industrial 
alumina-supported cobalt catalyst using XRD, magnetic measurements, and XANES have revealed 
that oxidation is not a catalytic deactivation mechanism during FTS reaction [24, 31]. Saib [32] 
proposed that deactivation mechanisms consist of sintering, formation of cobalt support compound, 
Co reconstruction, poisoning, and the formation of inert carbonaceous phases. Cobalt-based catalysts 
deactivation is possibly a result of a combination of several deactivation mechanisms mentioned 
above [25, 33]. Several studies proposed that the formation of carbonaceous phases during FT 
reaction will lead to catalyst deactivation and should be eliminated [34–36].  
In an earlier study of unpromoted and Re-promoted alumina-supported cobalt catalysts, Schanke et al. 
[37] revealed by XPS and gravimetric analysis that reoxidation happens when H2O was added after 
the catalyst reduction. The degree of reoxidation was reported to depend on the partial pressure of 
H2O and the feed composition. Irrespective of the reaction being performed at atmospheric pressure 
and/or low partial pressure of H2O of 2 kPa, with no H2 in the feedstock, it was revealed that complete 
surface reoxidation occurs after the catalyst was exposed for short times, although only small signs of 
reoxidation were observed under hydrogen. On the other hand, at a high operating pressure of 2 MPa, 
which is equivalent to the typical pressure for the FTS reaction, reoxidation happened to a larger 
degree. In their study, the catalyst promoted with Re was reportedly more vulnerable to reoxidation 
compared to the unpromoted catalyst. They concluded that bulk metallic cobalt does not reoxidize in 
H2O/H2 mixtures. 
As can be seen, the various routes of cobalt-based catalysts discussed above, were relative to FTS 
operating conditions, which are different from the conditions used in this study where a high 
temperature of 300 °C and low pressures were used. To gain more information on the mechanism of 
catalyst deactivation, XRD analyses of the reduced catalyst before and after reaction were conducted. 




Fig. 5: XRD pattern for a) reduced fresh and b) spent catalyst. 
CoO was detected in both the fresh and spent catalysts, making it difficult to establish whether some 
cobalt was oxidized during the CO2 hydrogenation. However, cobalt carbide was the only observed 
on the spent catalyst. The formation of carbide-type species was also reported by Johnson et al. [38] 
using XANES spectroscopy of sub-monolayer cobalt deposited on the surface after the FT reaction. 
Using in-situ XRD experiments, Ducreux et al. [39] highlighted that the decrease in the FT reaction 
rate over titania- and alumina-supported cobalt catalysts could be accredited to cobalt carbide 
formation. Cobalt carbide itself is not active in FT. Cobalt carbide formation was also reported to be 
the primary cause of catalyst deactivation on carbon-supported catalysts [39 – 40]. 
The catalyst was promoted with potassium, and it is known that the addition of potassium promotes 
chain growth during traditional CO hydrogenation over Fe–based catalysts. As the TOS was 
increasing, the carbon carbide formed in the catalyst. Considering that hydrogenation of CO2 
proceeds via the formation of CO as an intermediate product [22] and the fact that cobalt carbide has 
been reported to lead to more methane formation during CO hydrogenation [9], we believe that cobalt 
carbide is responsible for more methane formation. It is possible that these deposits to lean towards 
the formation of methane, decrease CO2 conversion, and C5+ selectivity as observed in this study [39 
– 41]. These findings are in agreement with Rafati et al. [42]. Gruver et al. [43] reported that bulk 
carbide formed during FT reaction, conducted at a temperature of 216 °C and a pressure of 37 bar, 
after the catalyst was exposed to pure CO for a duration of 8 hours. The catalyst performance was 
significantly affected when the syngas with a ratio of 2:1 for H2/CO was introduced again. They 
 
found that the conversion of CO had decreased by more than half, and the selectivity of methane had 
doubled compared to the performance before the upset. Moodley [44] reported comparable 
observations. They found that when cobalt catalyst was exposed to pure CO for an even shorter 
duration of 2 hours and typical temperature and pressures of the low-temperature FT reaction could 
cause catalyst deactivation via bulk cobalt carbide formation. Bulk cobalt carbide is considered to be 
a deactivating species in Co-based catalysts [45]. Previous report from the Bureau of Mines indicated 
that bulk carbide was neither an intermediate in the FT reaction nor it was catalytically active [46]. 
Claeys et al. [41] investigated the effect of cobalt carbide on the FT reaction and reported that 
carbides exhibited low activity for FTS and favored methane formation. Cobalt carbide formation in 
the spent catalyst in this study can account, at least in part, for the observed catalyst deactivation with 
the time-on-stream. 
4 Conclusions 
The primary objective of this study was to investigate the 15%Co-6%K/Al2O3 catalyst deactivation 
rate during the hydrogenation of CO2 to longer-chained hydrocarbons. The XRD data exposed the 
existence of cobalt carbide species on the spent catalyst. These species are inactive in FT and have 
been reported to be the primary cause for deactivation in supported cobalt catalysts. CO2 negatively 
affected the catalyst activity and product distribution as it decreased with TOS. The product formed 
was predominantly methane. This was explained by the presence of the cobalt carbide. The latter is 
inactive for FT and leads to the C5+ selectivity decrease with a concomitant increase of CH4 formation. 
The catalyst was promoted with potassium, and it is known that the addition of potassium promotes 
chain growth during traditional CO hydrogenation over Fe–based catalysts. As the TOS was 
increasing, it was observed that carbon carbide formed on catalyst which led to methane formation. It 
can be concluded that cobalt carbide formation in the spent catalyst in this study can account, at least 
in part, for the observed catalyst deactivation with the time-on-stream. 
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